





Table 3. Effects of rate of N application and soil moisture level on total plant N uptake and fertilizer N recovered at harvest (Ib/acre),

Cisne sil in 1985, 1987, and 1988.T

Soil moisture level

Ambient Ambient + 4 in, Ambient + 6 in.
Fertilizer N (lb/acre) 1985 1987 1988 1985 1987 1988 1985 1987 1988
Plant N uptake (lb/acre)

0 97.5 78.4 63.9 124.0 53.2 70.6 102.2 57.5 66.6
100 156.8 150.7 168.2 163.8 129.2 168.5 170.1 121.0 130.8
150 174.0 162.7 198.6 201.6 167.0 149.3 195.1 159.8 179.3

0 + 50 suppl. 168.2 100.3 120.0 129.0 85.5 110.8 1345 86.4 92.9
100 + 50 suppl. 204.4 151.0 183.8 177.5 128.2 221.6 201.9 150.6 197.2
150 + 50 suppl. 205.2 174.1 189.8 227.0 164.3 224.3 202.4 166.5 196.0
200 + 50 suppl. 2221 151.9 219.1 219.5 167.3 228.5 190.2 143.5 198.8
Fertilizer N recovered (150 lb/acre rate}, derived

from *N analysis.

Remaining in soil 17.8 44.6 15.8 34.0 12.8 26.5

Plant uptake 80.4 97.6 80.0 73.6 62.3 74.0

Total recovered 98.2 142.2 95.9 108.0 84.3 100.5

t Values are means of three replicates. Suppl. = supplemental N application after water treatment.

Tensiometers were installed on the Drummer and Cisne
soils in 1987 and 1988 to monitor the soil moisture con-
ditions at the 6-in. depth. Water-retention curves were
determined for each soil with intact soil samples and a
pressure-plate apparatus (Klute, 1965). Percentage
moisture was determined for 18 subsamples brought from
saturation to a soil moisture tension of 0.1, 0.2, 0.33, 0.5,
and 1 bar. The tensiometer data and moisture retention
curves were used to calculate the number of days that soil
moisture tension remained below 0.33 bar during the ex-
perimental period. Total rainfall + irrigation during the
growing season for each soil are given in Table 2. Bulk
density was determined from intact soil samples taken
from each depth on each soil for calculation of fertilizer
N recovery.

After water treatments were imposed and soil moisture
content was no longer at saturation (approximately 7 d
after completion of the excess water treatment), sup-
plemental N was applied to one-half of each plot at a rate
of 50 Ib N/acre as ammonium nitrate. Additional water
was applied as needed to the Cisne and Plainfield soils
to prevent water stress due to drought during the grow-
ing season.

Plant samples were collected from a 5- by 5-ft area in
the center of the plots at harvest. Plant samples from the
150 1b N/acre plots were collected from a 5-ft section
from the inside two rows in the microplot area at har-
vest. Plant samples were dried, weighed, ground, and
analyzed for N content using a salicylic acid-thiosulfate
modification of the semimicro Kjeldahl method described
by Bremner and Mulvaney (1982). Grain, cob, and re-
maining plant parts were analyzed for N concentration
and N uptake in the above-ground portion of the plant
was calculated.

Grain yield was collected from the center of each plot.
The harvested area measured 7.5 by 50 ft on the Cisne,
10 by 50 ft on the Drummer, and 10 by 15 ft on the Plain-
field. Plots were hand harvested on the Plainfield, while
mechanical harvesters were used at the two other loca-
tions. Production problems at the Plainfield location
prevented accurate measurement of plant response in
1988 and was therefore eliminated. Grain yield was cor-
rected to 15.5% moisture and relative yield was calculat-

ed from the relation, relative yield (%) = (treatment
yield/maximum yield) x 100, where maximum yield is
the mean yield for the highest yielding treatment for each
year for each soil type.

Soil samples were collected at 12-in. increments down
to 48 in. depth at harvest. Immediately after collection,
the samples were frozen until analyzed for nitrate-N and
total N. Soil samples were wet-sieved and inorganic N

Table 4. Effects of rate of N application and soil moisture level
on corn yield (bu/acre). Cisne sil—1985, 1987, and 1988.1

Soil moisture level

Fertilizer N Ambient Ambient Suppl. N
{Ib/acre) Ambient + 4in. + 6 in. Mean mean
Yield (bu/acre)
1985
0 174 106.2 89.5 91.0a*
100 126.6 122.7 124.6 124.7b
150 144.3 145.2 149.7 146.4c¢ 129.3a
200 166.0 157.9 151.3 156.0¢
0 + 50 suppl. 140.6 131.2 1149 129.4a
100 + 50 suppl. 1488 131.9 151.1  143.9b
150 + 50 suppl. 153.6 155.3 135.9 148.3¢ 154.5b
200 + 50 suppl. 152.7 158.6 154.2 155.2¢
Mean 137.5a 138.6a 134.1a
1987
0 56.1 53.0 62.7 57.2a
100 140.9 130.9 143.0 137.9b
150 149.0 131.3 154.4 144.4¢ 125.8a
200 160.9 156.8 172.1 163.5¢
0 + 50 suppl.  116.8 104.2 101.1  106.2a
100 + 50 suppl. 175.0 128.8 158.9 151.6b
150 + 50 suppl. 1728 159.7 173.6  168.2c  146.3b
200 + 50 suppl. 164.2 166.5 148.4 159.1¢
Mean 141.9a 128.9b 139.3a
1988
0 48.7 47.7 48.9 48.4a
100 140.7 140.5 122.7 134.6b
150 151.1 150.8 140.7 147.5¢ 121.0a
200 152.3 162.9 145.3 153.5¢
0 + 50 suppl.  116.0 110.4 98.2  108.2a
100 + 50 suppl.  152.1 154.6 1441  150.3b
150 + 50 suppl.  150.0 160.9 167.2  159.3c  142.6b
200 + 50 suppl.  148.8 162.7 146.8  152.8¢
Mean 132.5a 136.3a 126.7b

* Values within a column or row within year followed by the same letter
do not differ significantly (0.05).

T Values represent means of three replicates. Suppl. = supplemental N ap-
plication after excess water treatment.
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concentration was determined using the magnesium
oxide-Devarda’s alloy method on potassium chloride soil
extracts as described by Keeney and Nelson (1982). To-
tal N concentration of soil samples was determined us-
ing permanganate-reduced iron modification of a
semimicro Kjeldahl method described by Bremner and
Mulvaney (1982).

Distillates from total and morgamc N analysis were
retained for '°’N analysis with an automated mass spec-
trometer (Mulvaney et al., 1990). Total recovered fertiliz-
er N was calculated by summing the soil and plant
fertilizer N contents. Fertilizer N in the organic form was
calculated from the difference between total N and inor-
ganic N content. Significance of treatment effects was de-
termined by least significant differences (SAS Institute,
1982).

The effect of N rate, supplemental N, and moisture
level on total recovered N were evaluated using regres-
sion analysis. Calculation of total N recovery for the
regression analysis was made by the difference method,
using the following equation: Total recovered N = (NP,
+ NS,) — (NP, + NS,); where NP, is treatment plant
N, NS, is treatment inorganic soil N (nitrate + ammo-
nium in 4-ft depth), NP, is control plant N, and NS, is
control inorganic soil N.

Relative yield and N uptake data were pooled across
years (1988 data for Plainfield were not included) to de-
velop a regression equation for each soil relating relative
yield to N application rate, supplemental N application,
and moisture regime. Three different measures of soil
moisture status, including total rainfall plus irrigation in
May and June, number of days in May and June with
soil moisture tension below 0.33 bar, and number of days
in May and June with soil moisture tension below 90%
of 0.33 bar were evaluated as independent variables in
the regression analysis. Each of these is a readily avail-
able measure of soil moisture that could be used by farm-
ers or their advisors.

Quadratic and interaction terms of the independent
variables were considered in the model. Multiple regres-
sion equations were developed using stepwise and back-
ward elimination procedures (SAS Institute, 1982). The
R? statistic and C,, criteria were used to select the best
fit regression equation as described by Neter and Was-
serman (1974). The best fit equations were used to de-
velop response curves for each soil, relating N rate and
moisture to relative yield. The curves were developed by
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Fig. 1. Effects of ferhhzer N apphcauon and soil moisture condition
(measured in days of soil moisture tension below 0.33 bars) on rela-
tive yield of corn grown in a Cisne sil.
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solving the equations for arbitrary values of the indepen-
dent variables within the range measured in the study.
Because only two rates of supplemental N were used in
this study, separate response curves for 0 and 50 1b N/acre
supplemental N were developed. Data presented in figures
is for 0 Ib N/acre only.

RESULTS AND DISCUSSION
Cisne

Averaged across water treatments, N uptake and yield
increased with increasing N rate up to 150 1b N/acre on
the Cisne (Tables 3 and 4). Application of supplemental
N increased yields, but at a decreasing rate as the initial
N application was increased.

Because of differences in water application and weather
conditions during the study, moisture treatments did
not significantly influence N uptake and their effect on
yield was not consistent across years. In 1985, late appli-
cation of the moisture treatments, along with inadequate
amounts of water applied during the treatments, reduced
the potential for N loss. Consequently, the excess mois-
ture treatments did not adversely affect N uptake or yield.
In 1987, plants were under prolonged water stress because
the irrigation system was not adequate to alleviate the
drought conditions. In that year, the 4-in. water treat-
ment resulted in a reduction in yield, but there was no
significant reduction associated with the 6-in. water treat-
ment. This may have been due to the fact that the 6-in.
water treatment maintained soil moisture tension below
0.33 bar for only 1 d more than the 4-in. treatment, but
it maintained soil moisture at 90% of 0.33 bar tension
for 4 d longer than the 4-in. water treatment. The addi-
tional water associated with the 6-in. treatment sustained
better plant growth during the dry period and increased
yield (Table 4), even though it had caused a reduction
in N uptake (Table 3). This agrees with previous work
showing that the efficiency of N use increases as water
stress decreases (Eck, 1988).

Soil moisture tension in 1988 was below 0.33 bar for
2 and 7 d for the 4- and 6-in, treatments, respectively.
With the 4-in. moisture treatment, no significant yield
decrease was found when averaged across N treatment.
However, a significant yield reduction was detected with
the 6-in. excess moisture treatment.

Using the pooled data, the best regression equation for
relative grain yield (Y) was: Y = 32.1978 + 0.5762 N
+ 0.5889 N, — 0.0014 N? — 0.0031 N x N, — 0.1004
M? (R? = 0.8436). In this equation, N represents ap-
plied N (Ib/acre), N is supplemental N (Ib/acre), and M
represents the number of days of soil moisture tension
below 0.33 bar (Fig. 1).

While relative yield losses of less than 1% were predict-
ed for soil moisture conditions wetter than 0.33 bar for
up to 3 d, the loss of relative yield increased rapidly for
each additional day of 0.33 bar soil moisture tension (Fig.
1). When soil moisture was wetter than 0.33 bar for 7
d, relative yield was reduced about 5%.

Gallium et al. (1978) suggested that any factor that
decreased water flow in a soil probably will increase



Table 5. Effects of rate of N application and soil moisture level on total plant N uptake and fertilizer N recovered at harvest (lblacre),

Drummer sicl in 1985, 1987, and 1988.t

Soil moisture level

Ambient. Ambient + 4 in. Arbient + 6 in.
Fertilizer N (lb/acre) 1985 1987 1988 1985 1987 1988 1985 1987 1988
- Plant N uptake {Ib/acre)

0 85.8 67.4 82.6 67.8 70.4 76.4 55.8 61.8 58.6
100 132.3 140.7 145.0 132.7 121.0 123.6 118.8 109.8 133.0
150 159.8 166.8 141.4 159.8 116.7 132.7 163.0 118.1 135.9
200 172.6 191.2 162.4_ 159.9 146.8 161.4 157.7 145.2 202.1

0 + 50 suppl 93.8 100.7 108.7 96.0 110.0 101.7 89.2 105.9 90.5
100 + 50 suppl. 140.7 166.5 140.5 154.3 150.1 134.8 150.5 141.4 140.7
150 + 50 suppl. 176.8 176.8 167.4 163.1 141.0 148.3 153.5 157.2 182.9
200 + 50 suppl. 179.0 174.7 186.8 176.8 152.2 181.3 169.0 151.6 184.6
Fertilizer N recovered (150 lb/acre rate), derived '

from '*N analysis.

Remaining in soil 56.0 71.6 37.0 36.3 19.5 28.5

Plant uptake 62.5 59.9 35.4 54.2 45.0 51.0

Total recovered 118.6 131.5 72.3 90.5 64.6 79.5

t Values are means of three replicates. Suppl. = supplemental N application after water treatment.

Table 6. Effects of rate of N application and soil moisture level
on corn yield (bu/acre). Drummer sicl—1985, 1987, and 1988.1

Soil moisture level

Fertilizer N Ambient Ambient Suppl. N
(Ib/acre) Ambient + 4in. + 6 in, Mean mean
Yield (bu/acre)
1985
0 94.3 85.0 75.5 84.6a*
100 157.0 155.8 143.4 152.1b
150 167.1 164.3 160.1 163.8¢c 140.9a
200 171.9 165.7 1519 163.2¢
0 + 50 suppl. 110.3 120.3 112.0 114.2a
100 + 50 suppl.  153.3 167.3 150.5  157.0b
150 + 50 suppl. 165.3 155.3 167.4 153.3¢ 148.2b
200 + 50 suppl. 168.1 '169.0 152.0 163.0c
Mean 147.2a 147.8a 138.7b
1987
0 71.9 82.6 70.9 77.2a
100 138.6 123.8 126.7 129.4b
150 138.8 119.1 126.9 128.3bc  119.2a
200 152.5 132.3 ) 139.4 141.4c
0 + 50 suppl. 102.7 97.8 - 958 98.8a
100 + 50 suppl.  140.2 141.1 1258  135.7b
150 + 50 suppl.  144.0 142.4 143.9  143.6bc  129.5b
200 + 50 suppl. 1422 140.1 138.2  140.3c
Mean 129.6a 122.8b 120.8b
1988
0 45.3 47.9 42.5 45.3a
100 95.3 79.9 83.7 86.3b
150 91.6 86.0 81.7 86.5b 78.4a
200 90.0 94.4 102.9 95.8¢
0 + 50 suppl. 62.7 65.0 63.3 63.7a
100 + 50 suppl.  89.8 88.2 74.3 84.1b
150 + 50 suppl. 101.2 90.1 85.0 92.1b 84.4b
200 + 50 suppl. 99.4 99.6 94.4 97.7¢
Mean 84.4a 8l.4a 78.5a

* Values within a column or row within year followed by the same letter
do. not differ significantly (0.05).

T Values represent means of three replicates. Suppl. = supplemental N ap-
plication after excess water treatment.

denitrification. Analysis of soil samples revealed that
most of the fertilizer N recovered in soil was found in
the top foot of soil (Torbert et al,, 1992), with fertilizer
N concentration below the 12- to 24-in. zone being with-
in the range of background variability. This would indi-
cate that leaching was not responsible for the N loss at
this location. Since leaching is closely related to water

MOISTURE (days)

movement (Allison, 1973), the impermeable hardpan on
this soil, which restricts water movement and creates satu-
rated conditions, would restrict the leaching of nitrate be-
low the rooting zone.

Because soil analysis indicated only small losses of N
due to leaching, the yield loss was most probably the
result of denitrification. Even with 7 d of soil moisture
tension below 0.33 bar, addition of 50 1b supplemental
N/acre was sufficient to'maintain yield equivalent to that
observed at the ambient level with an initial application
of 150 lb N/acre.

Drummer

When averaged across water treatments, N uptake and
yield increased with increasing N application up to 150
lb N/acre in 1985 and 1988 and 200 1b N/acre in 1987
(Tables 5 and 6). Averaged over the 3 yr of the study,
maximum yield was achieved with application of about
200 Ib N/acre (Fig. 2). The addition of supplemental N
increased yield in 1985 and 1987, but the magnitude of
increase decreased with increasing initial N rate.

The 6-in. water treatment in 1985 and the 4- and 6-in.
water treatments in 1987 decreased yields. Tensiometers
were not installed in 1985, but it is assumed. that soil
moisture tension was maintained below 0.33 bar for ex-
tended periods at the 6-in. excess moisture treatment only.
In 1987, tensiometers indicated that soil moisture tension
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Fig. 2. Effects of fertilizer N application and soil moisture condition
(measured in days of soil moisture tension below 0.33 bars) on rela-
tive yield of corn grown on 2 Drummer sicl.
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